The measurement of the source reflection coefficient is fundamental for noise, as well as large-signal testing of microwave active devices. This paper describes a simple yet rigorous technique for fast and accurate determination of a source reflection coefficient when a load-source pull test set is used. The solution consists in measuring the waves at the device-under-test reference plane under two different bias conditions. We have proven that these measurements give enough information to compute the source reflection coefficient with accuracy suitable for most applications. Experimental results are presented and compared to data obtained with more conventional techniques.
I. INTRODUCTION
T HE measurement of the source reflection coefficient is usually necessary for noise testing of microwave active devices, along with the usual -parameters. However, plays an important role also when nonlinear device characterization is required since the basic transistor performances (such as input and output power levels, intermodulation products, efficiency) are also functions of the input and output ports loading conditions. Typical application is the design of low-noise amplifiers, mixers, oscillators, power amplifiers, and high-efficiency integrated circuits (ICs). Fig. 1 shows a load-source pull test set, which became common over the last decade for nonlinear characterization [1] - [6] . Two mismatch boxes set the source and load conditions, respectively at the input and output ports; those systems can be passive mechanical tuners or the more recent active tuners [1] . An automatic vector network analyzer (VNA) and two reflectometers measure the waves at the reference planes of the device-under-test (DUT). The use of in-place reflectometer allows to measure all the DUT waves in real time and without a tuner precalibration. As a drawback, the reflectometers introduce extra loss, which reduces the magnitude of the reflection coefficients available at the DUT ports unless active tuner systems are used [2] .
The reflectometer of port 1 allows calibrated measurements of the DUT input reflection coefficient as Publisher Item Identifier S 0018-9480(02)01170-5. Equation (1) defines the relationship between the waves at the input reference plane set by the DUT. On the other side, the microwave source imposes (2) where is, by definition, the source reflection coefficient. From (2), it results
(3)
A single measurement of , is not sufficient to compute the source reflection coefficient. As a matter of fact, is equal to the ratio / only if , i.e., the internal generator is switched off.
To measure , Hughes et al. [3] proposed the solution shown in Fig. 2(a) . First, the source switch is set to position 1 and the DUT input gamma is computed by (1) . The source switch is then turned to position 2 and a second acquisition of waves , is performed. From (3), the source reflection coefficient is simply the ratio since the source term is null. This simple technique relies on two basic assumptions. First, the DUT is not unilateral, thus, a significant portion of the source signal from port 2 can reach the input reflectometer. Moreover, the reflection coefficient of the source switch does not change while turning the switch from position 1 to 2.
An entirely different approach is described in [4] and sketched in Fig. 2(b) . Here, the signal from the microwave source is summed with the wave reflected by the tuning element and injected into the DUT. The reflectometer is used in an unconventional configuration (referred to as reverse) and it directly monitors the tuner coefficient . After a proper calibration procedure, is directly available, but, this time, it is the DUT reflection coefficient that cannot be determined. The method shown in Fig. 2 (c) solves the latter problem in two steps [5] . First, the microwave signal is injected before the reflectometer and the DUT input characteristic is computed. It 0018-9480/02$17.00 © 2002 IEEE is then switched immediately after, and the source reflection coefficient is measured by the reflectometer in the reverse configuration. Again, the switch reflection coefficient is assumed constant while changing the switch position.
As common feature, all the previous techniques measure the DUT and the source reflection coefficients by two different steps; this can be time consuming for fast and automatic characterization of active devices. The authors recently proposed a new technique based on the concept of a three-sampler reflectometer [see Fig. 2(d) ]. It allows the simultaneous determination of the source and DUT input gamma. This technique is indeed fast and accurate, but it is based on an unconventional error model and it requires a special-purpose calibration procedure [6] .
The solution described here is a simple yet rigorous technique for determining the source reflection coefficient while characterizing active devices. Briefly, it consists of measuring the waves at the input reference plane under two different DUT bias conditions. The variations of the DUT input waves due to the bias change give enough information to compute the source reflection coefficient with accuracy sufficient for most applications. Details are given in the following section. Afterwards, the calibration problem will be discussed. Finally, experimental results will be presented, along with some consideration on measurement accuracy.
II. NOVEL SOLUTION
In order to compute the source reflection coefficient, two different bias conditions are applied to the active DUT. Its input gamma depends on the bias voltages so that the waves and are different in the two conditions. Let them be , and , , where the apices identify the two bias conditions. Since we only change the DUT bias, the source signal and do not change in the two situations. Therefore, two equations like (2) are stacked to form the linear system (4) The solution of (4) gives the source reflection coefficient as a function of the corrected waves (5) provided that all the quantities in (5) are referred to the same independent reference signal.
The novel technique possesses some noteworthy features as follows.
• It is rigorous since it is not based on the repeatability of a microwave source switch. • It is safe and suitable for source-and load-pull characterization of unilateral devices since it does not require to excite the DUT back from port 2 (as required in [3] ). • It is flexible since it can be successfully applied to different source-pull test-set configurations [see, e.g., Fig. 2(a) and (b) ]. • The correction for systematic errors is based on the traditional error-box model and it does not require any particular calibration procedures, as pointed out in the following section.
III. CALIBRATION AND DEEMBEDDING
The calibration theory is based on the well-known error-box model for nonleaky network analyzers [7] . The relationship be-tween measured quantities , and real waves , at the DUT port 1 reference plane is (6) or (7) where . The corrected DUT input reflection coefficient is computed by the formula (8) where
. Substituting (7) in (5) gives (after simple manipulations) the deembedding formula for the source reflection coefficient (9) where (10) The quantities , and , in (10) are the raw waves measured under the two bias conditions. As opposite to [6] , only classical error coefficients are involved in the deembedding equation. They are computed by any conventional calibration algorithm for one-or two-port network analyzers.
IV. CONSIDERATIONS ON MEASUREMENT ACCURACY
Error propagation from waves , to the source reflection coefficient was studied. Let be the uncertainty that affects and measurements. By differentiating (5), uncertainty is equal, in the worst case, to
From (1) and (2), it results (12) and, thus,
where and are the DUT input reflection coefficients under the two bias conditions. The overall uncertainty becomes (14) Equation (14) proves that the larger the variation of the DUT input gamma is, the smaller the uncertainty is, as is obvious. Fig. 3 . Integrated S-parameter and source-/load-pull on-wafer test set used to verify the novel technique for 0 measurement. No isolator is used.
To proceed further, it must be noted that if different values are set, the source term in (14) may also vary. The relationship between and depends only on the circuit used to control the source reflection coefficient. For our experiments, a simple mechanical tuner was used, as shown in Fig. 3 In the following, we will experimentally prove the effectiveness of this formulation to highlight the measurement accuracy of the new technique. 
V. EXPERIMENTAL RESULTS
The solution presented in this paper was applied to the integrated -parameter and source-/load-pull on-wafer test set sketched in Fig. 3 . A traditional network analyzer is used as a four-channel microwave receiver. Signal is drawn from the generator output to provide a stable reference for phase locking. Waves and are selected by a p-i-n diode switch driven directly by the network analyzer. This is a well-established technique already experimented in many load-pull systems [8] , [9] and it allows fast acquisitions of all four DUT waves.
The novel technique was applied to measure the source reflection coefficient during on-wafer load-pull high electron-mobility transistor (HEMT) characterization. Measurements were made at different input tuner settings. Results were compared with the ones obtained by the traditional technique described in [3] . In detail, for each tuner setting: 1) the DUT was driven by port 1 and the source reflection coefficient was computed by the new "two-bias" method, obtaining and then 2) the source signal was switched to port 2, the device was substituted by a thru connection, and the source reflection coefficient was directly measured as , obtaining . To compute by the "two-bias" technique, the DUT bias was simply turned on and off. Fig. 9 . Simple model used to compute the relationship between a and 0 . Fig. 4 shows the results for a single tuner setting as a function of frequency. The small difference between and plots was attributed mainly to systematic errors affecting . In particular, moving the source signal from ports 1 to 2 slightly changes the switch reflection coefficient that the input tuner sees. To prove this statement, we inserted an isolator between the input tuner and source switch. In this case, the difference between and is considerably smaller, as shown in Figs. 5 and 6.
Residual differences between and was attributed to the uncertainty of the "two-bias" method. Fig. 7 shows different measured values obtained at a single frequency for as many input tuner positions. On the other side, Fig. 8(a) shows the error propagation factor defined in (17) as a function of . Finally, in Fig. 8(b) , the contour plot of is superimposed to the measured values and . It is easy to note that the two techniques better agree where function has a minimum.
VI. CONCLUSIONS
A novel technique has been presented to measure the source reflection coefficient while characterizing active devices. Due to its simplicity, the technique is an interesting solution that can be applied in several situations. Experimental comparisons with traditional methods have proven that its accuracy is sufficient for most of applications.
APPENDIX
In Fig. 9 , a mechanical passive tuner is connected between the microwave synthesized generator and the DUT. A two-port circuit with insertion loss takes account of losses in the cables, reflectometer, and probe.
Since the tuner is reciprocal, its scattering matrix has the form (18)
Assuming the microwave synthesizer is perfectly matched, the source reflection coefficient seen by the DUT is
On the other side, the source term , defined in (2), is (20)
If the tuner is assumed to have no losses, then matrix is Hermitian. In particular, where and . Coefficient is also related to the maximum source reflection coefficient that can be set. In fact, since the tuner is passive (23) and, from (19),
In our case, the quantity was directly computed by measuring by the "two-bias" technique and after a proper power calibration [10] . Least-squares fitting of (22) with experimental data gave . From (24), it means , which is in good agreement with the maximum source reflection coefficient obtained in Fig. 7 and the loss of our input reflectometer.
